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Abstract The tip vortices and aerodynamics of a NACA0012 wing in the vicinity of the ground
were studied in a wind tunnel. The wing tip vortex structures and lift/drag forces were measured
by a seven-hole probe and a force balance, respectively. The evolution of the ﬂow structures and
aerodynamics with a ground height were analyzed. The vorticity of tip vortices was found to reduce
with the decreasing of the ground height, and the position of vortex-core moved gradually to the
outboard of the wing tip. Therefore, the down-wash ﬂow induced by the tip vortices was weakened.
However, vortex breakdown occurred as the wing lowered to the ground. From the experimental
results of aerodynamics, the maximum lift-to-drag ratio was observed when the angle of attack was
2.5◦ and the ground clearance was 0.2. c© 2011 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1103201]
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When a wing approaches the ground, an increas-
ing in lift and decreasing in drag is observed. However,
the lift-to-drag ratio alters with diﬀerent ground clear-
ance. Generally, the ground eﬀect is considered to be
the combination of two separate eﬀects: the chord dom-
inated ground eﬀect (CDGE) and the span dominated
ground eﬀect (SDGE), which are responsible for the in-
creasing in lift and the reduction in drag, respectively.1
The CDGE is mainly caused by the increasing of static
pressure on the lower side of the wing and creates an
aircushion when the ground clearance decreases. This
results in ram eﬀect and gives rise to higher lift. On the
other hand, in SDGE the tip vortex will be bounded by
the ground, and the strength of tip vortex decreases.
Therefore, the wing appears to have higher eﬀective
aspect ratio as compared to its geometric aspect ra-
tio. Meanwhile, the downwash ﬂow in the wake is also
suppressed, which results in an increase of the eﬀective
angle of attack. The consequence of these phenomena
leads to the reduction of induced drag force. Being the
sum of proﬁle drag and induced drag, the total drag
force is also reduced. Therefore, the increasing of the
lift-to-drag ratio of a wing is caused by the superposi-
tion of SDGE and CDGE.
Some studies related with the aerodynamics and
tip vortices of three-dimensional wings in ground eﬀect
have been reported in recent decades. Zhang et al.2 in-
vestigated the tip vortices of a cambered, single element
wing operating in ground eﬀect using a range of meth-
ods including PIV, LDA and ﬂow visualization. The
wing was placed suction surface down, the down-force of
the wing was measured by a surface pressure system and
a force balance as well. They found that the down-force
was aﬀected by the presence of tip vortices. The tip vor-
tices induced an up-wash ﬂow on the wing, leading to an
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eﬀective reduction in the incidence ﬂow in the wake, and
vortex breakdown occurred as the wing was lowered to
the ground. Jung et al.3 studied the aerodynamic char-
acteristics, as well as the inﬂuence of endplates to the
aerodynamics of a wing with NACA6409 section in the
vicinity of the ground. The lift/drag forces, the pitching
moment and the center of pressure were measured, and
a smoke trace test was conducted to visualize the ﬂow
pattern of tip vortices. As a result of the ground eﬀect,
the lift-to-drag ratio increased at low ground clearance,
and the center of pressure moved forward to the leading
edge. The smoke trace tests showed that the presence
of an endplate restrained the rolling up of the vortex
along the wing tip and reduced the tip vortex. In ad-
dition, Gu et al.4 studied the wing tip vortex using a
seven-hole probe, and suggested that the strength of the
tip vortices can be eﬀectively reduced by the control of
vortex diﬀusers.
The present study focuses on the performance of the
tip vortex structures and SDGE of a NACA0012 wing in
the vicinity of ground, and the aerodynamic character-
istics of the three-dimensional wing will be investigated
as well. The velocity distributions of the tip vortices
were measured using a seven-hole probe. The lift and
drag forces were acquired by a three-component over-
head balance system. The results for seven-hole probe
testes were performed for a range of ground clearance
and angle of attack, from h∗ = 0.05 to h∗ = 1.0 and
α = 0◦ to α = 12.5◦.
The experiments were carried out in the circulating
wind tunnel at Shanghai University. The experimental
setup is illustrated in Fig. 1. The maximum ﬂow ve-
locity of the wind tunnel is 25 m/s. The mean velocity
at the test section can be controlled with an accuracy
of 0.5. All the wind tunnel tests were conducted at
a constant free stream velocity of V∞ = 15 m/s, which
corresponds to a Reynolds number of Re = 1×105 based
upon the chord length of the wing. The free stream tur-
bulence level at the velocity of 15 m/s was found to be
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Fig. 1. Schematic diagram of the experimental setup.
about 0.02%. The dimensions of the wind tunnel test
section are 400 mm×400 mm×1700 mm. Two travers-
ing systems were provided on top of the test section
for adjusting the ground clearance, the angle of attack
and for moving the seven-hole probe automatically. The
tests were performed on a wing with NACA0012 section
of span b = 200 mm, and chord c = 100 mm. The model
wing was mounted at one-quarter of a chord length from
the leading edge using a suspension structure. A ﬁxed
board was used to simulate the ground, and its leading
edge had a splitter angle of 30◦.
The ﬂow structures of the tip vortices were sur-
veyed by a seven-hole probe, which scanned two cross
sections normal to the incidence ﬂow direction in the
downstream of the wing. And the positions of two
cross sections being scanned were 10 mm and 110 mm
(x/c = 0.1 and x/c = 1.1) behind the trailing edge of
the wing. The scanned area of each cross section was
140 mm×100 mm with a step of 4 mm, in order to ac-
quire the three-dimensional velocity distributions and
vorticity distributions.
Figures 2–4 show the tip vortex velocity ﬁelds in
a rear view at two cross sections x/c = 0.1 (left) and
x/c = 1.1 (right) for the angles of attack 12.5◦, 7.5◦
and 2.5◦ at ground clearance of h∗ = 0.1 and h∗ = 1.0.
The background contours illustrate the wing tip vor-
ticity distributions (the minus means clockwise rota-
tion). The proﬁles and diameters of the tip vortices
are sketched by velocity vectors intuitively. The black
dashed lines mark the left half part of the trailing edge
of the wing. The velocity ﬁelds clearly show the rolling-
up vortex wrapped around a well deﬁned vortex core.
For the case of h∗ = 0.1, it is observed that the di-
ameters of the vortex core increase signiﬁcantly alone
the main ﬂow direction, the strength of the tip vortices
decreases in terms of vorticity level, and the tip vortices
have an tendency of dilate at the downstream. The phe-
nomena indicate the feature of tip vortex dissipation as
the downstream distance is increased. However, the di-
ameter and strength of the tip vortex core remain rela-
tively unchanged for the case of h∗ = 1.0 on two cross
sections being scanned. The phenomena imply that the
tip vortex will breakdown faster with stronger ground
eﬀect.
Meanwhile, it is found that the vortex core moves
outboard of the wing tip obviously alone the wake ﬂow
for h∗ = 0.1, which will lead to the increasing of the
distance between the pair of vortices at two tips of the
wing. As the angle of attack is decreased, the outboard
displacement of the vortex core also decreases. On the
contrary, the position of vortex core shifts slightly in-
board for the case of h∗ = 1.0.
Figure 5 shows the velocity ﬁelds and vorticity dis-
tributions for angle of attack 0◦ at x/c = 0.1, where
the ground clearances are h∗ = 0.1 and h∗ = 1.0 re-
spectively. The tip vortices are not observed from the
velocity ﬁelds in both cases, and the vorticity levels are
lower compared with the former cases.
Figures 6 and 7 plot the maximum vorticities in the
tip vortex cores as a function of the ground clearance
for each angle of attack. The curves clearly present
the rules of the variation in the vorticity. For all the
angles of attack larger than 2.5◦, the maximum vor-
ticities increase rapidly with the increasing of ground
clearance until h∗ = 0.3 is reached in section x/c = 0.1,
afterwards the vorticities almost keep invariably as the
ground clearance is increased. In section x/c = 1.1, the
vorticities keep increasing when the ground clearance
is lower than h∗ = 0.5. Therefore, for each cross sec-
tion in present study, the ground clearances h∗ = 0.3
and h∗ = 0.5 may be considered as the thresholds of
ground inhabitation to the tip vortices, and the sup-
pression of the ground to the tip vortices is weakened
as the ground clearance is higher than the thresholds.
However, for the angle of attack 2.5◦, it is clear from
the curves that the vorticities increase with h∗ until the
maximum value is obtained near h∗ = 0.5 in both cross
sections, beyond which there is a reduction in vortici-
ties. From the overall test results, as the angle of attack
is increased, the strength of tip vortices also increases.
In Fig. 8, the lift coeﬃcients CL of each angle of at-
tack are compared as a function of the ground clearance.
For the angles of attack between 5.0◦ and 12.5◦, the lift
coeﬃcient CL is found to be increasing monotonously
with the decreasing of ground clearance. However, for
the angle of attack 2.5◦, it is interesting to note that the
lift coeﬃcient CL experiences an increase at the ﬁrst
stage, and then a maximum at h∗ = 0.5, followed by
a reduction as the wing approaches the ground, and it
increases again from h∗ = 0.1 to h∗ = 0.05. And for the
angle of 0.0◦, CL is minus for all the ground clearances
lower than h∗ = 1.0, and its magnitude continues to in-
crease with the reduction of h∗. This is due to the area
between the wing and the ground forms a convergent-
divergent passage, and its eﬀect is more prominent to
lower ground clearance.5 Then the ﬂow velocity is ac-
celerated in the clearance, leading to the enhancement
of down-force acting on the wing.
Figure 9 plots the variation of the drag coeﬃcient
CD with the ground clearance, for diﬀerent angles of
attack. For the angles of attack 12.5◦, 7.5◦ and 5◦,
the drag coeﬃcient does not show much variation ini-
tially with the decreasing of ground clearance, and then
at lower values of h∗ between 0.3 and 0.2, the drag
coeﬃcient CD starts increasing to a maximum at h
∗ =
0.1 and followed by a reduction. For the angles of at-
tack 2.5◦ and 0.0◦, the drag coeﬃcient increases as the
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Fig. 2. Tip vortices velocity ﬁelds and vorticity contours (angle of attack 12.5◦).
Fig. 3. Tip vortices velocity ﬁelds and vorticity contours (angle of attack 7.5◦).
ground is approached. For the angle of attack 10.0◦,
CD is found to ﬂuctuate as the wing is lowered to the
ground.
Figure 10 shows the variation in the lift-to-drag ra-
tio L/D with ground clearance for each angle of attack.
As the wing experiences down-force at an angle of attack
of 0.0◦ in ground eﬀect, its lift-to-drag coeﬃcients are
minus for all the ground clearances lower than h∗ = 1.0,
and the minimum is observed at h∗ = 0.5. And for the
angle of attack 2.5◦, we noticed that L/D has the high-
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Fig. 4. Tip vortices velocity ﬁelds and vorticity contours (angle of attack 2.5◦).
Fig. 5. Tip vortices velocity ﬁelds and vorticity contours (angle of attack 0.0◦).
Fig. 6. The variation of the maximum vorticities of tip vortex cores with ground clearances in section x/c = 0.1.
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Fig. 7. The variation of the maximum vorticities of tip
vortex cores with ground clearances in section x/c = 1.1.
Fig. 8. Variation of the lift coeﬃcient CL with ground
clearances h∗ for each angle of attack.
Fig. 9. Variation of the drag coeﬃcient CD with ground
clearance h∗ for each angle of attack.
est value compared with other angles of attack at all
the ground clearances between h∗ = 0.1 and h∗ = 1.0,
and its maximum is reached at the ground clearance
h∗ = 0.2. The variations of L/D for other angles of
attack are not obvious.
Figure 11 shows the variation of the lift-to-drag ra-
tio with the angle of attack α for each ground clear-
ance. It is found that the curve for h∗ = 1.0 passes
through the origin of coordinates, which indicates that
the ground eﬀect has disappeared for the angle of at-
tack 0.0◦. And L/D reaches its maximum near angle
of attack 2.5◦ for all the cases of ground clearance, and
then reduces with the increasing angle of attack. There
is a slight increasing of L/D between angles of attack
Fig. 10. Variation in the lift-to-drag ratio with ground
clearances h∗ for each angle of attack.
Fig. 11. Variation in the lift-to-drag ratio with angles of
attack α for each ground clearance.
5.0◦ and 7.5◦.
In summary, the tip vortices and aerodynamics of
a NACA0012 wing in ground eﬀect were investigated
experimentally. By analyzing the vorticity distributions
and lift/drag forces, the following conclusions can be
drawn from the present study:
(1) The dissipation of tip vortices for smaller ground
clearance (h∗ = 0.1) is faster than that for larger ground
clearance (h∗ = 1.0).
(2) The vortex core shifts outboard of the wing tip
due to being bounded by the ground, and the outboard
displacement decreases with the reduction of the angle
of attack. It implies that the increasing of the angle of
attack will intensify the ﬂow suppression beneath the
wing.
(3) The aerodynamic characteristics suggests that
the optimum regime of ﬂight wing will be achieved at
an angle of attack 2.5◦ and ground clearance of h∗ = 0.2
for the wing with aspect ratio 2.
(4) The inﬂuence of the ground to the aerodynamics
of the wing may be ignored for the ground clearance of
h∗ = 1.0 at angle of attack 0.0◦.
Nomenclature
b: Wing span
c: Wing chord
CL: Lift force coeﬃcient
CD: Drag force coeﬃcient
D: Drag
h: model height from the ground
h∗ : h/c, ground clearance
L: Lift
L/D: Lift-to-drag ratio
Re: Reynolds number
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x, y, z: Cartesian coordinates, x downstream from
the trailing edge of the wing, origin of coordinate:
trialing edge; y right direction, origin of coordi-
nate: 70 mm left of wing tip; z up direction, origin
of coordinate: ﬁxed ground
u, v, w: Velocity components in x, y, z axes
V∞: Velocity of free stream
Vor: Vorticity
α: Angle of attack
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